In this study the influence of tree's age, location (i.e. latitude and altitude) and soil conditions (i.e. pH, humus content, carbon to nitrogen ratio, cation exchange capacity and percent base saturation) on tree allometry was investigated. The data was collected from 22 Norway spruce (Picea abies L. Karst) plantations located in Eastern Carpathians of Romania, aged between 4 and 15. From each plantation a soil sample and 10 trees were collected for soil chemical properties and biomass measurements, respectively. Root collar diameter (RCD) and height (H) based allometric equations were developed for total tree and vegetative organs of the tree (i.e. stem, branches, needles and roots). Furthermore, the interaction between the standardised residuals of these models and the tested factors was analysed. In order to account for the random effect of the clustered data, the mixed-effect modelling procedure was used. The results have shown no influence of these factors (age, location and soil conditions) on RCD based models, except for branches biomass model which was linked to soil carbon/nitrogen ratio. The H based models, however, were significantly influenced by latitude and soil cation exchange capacity as a consequence of H/RCD ratio change with these factors. The trees were more likely to allocate more to height growth when growing in higher latitudes or on soils with higher values of cation exchange capacity.
Introduction
Tree allometry, showing the relationship between easy to measure tree characteristics (e.g. tree diameter, height) and some other tree features (e.g. tree biomass) much more difficult to assess, is one of the most important tool in biomass and carbon estimations in forests (Chave et al., 2005; Olofsson et al., 2011; Blujdea et al., 2012) . However, diameter at breast height is more frequently used as independent variable in allometric equations, because is less difficult to measure, compared to height, in mature forests (Zianis et al., 2005) . Typical allometric equation (dB/B = α × dD/D) shows the distribution of relative growth rate of biomass (dB/B) and the relative growth rate of diameter (dD/D). More common is its integrated form (B = β × D α ) where α (scaling exponent) shows how much faster the growth of biomass is when compared to the growth of diameter. Despite the fact that some theories (e.g. West Brown and Enquist's metabolic theory of ecology) claim an invariant scaling exponent (West et al., 1999) , the empirical studies show a wide variation, between 2 and 3 (Zianis et al., 2005) . Trees evolve allometric patterns which are species specific (Pretzsch, 2006) and site specific (Tremblay et al., 2012) .
Despite the undoubted influence of environmental factors on forest biomass productivity and biomass allocation pattern, there is not much information about the influence of these factors on tree allometry. The changes in biomass allocation pattern are usually reflected in modifications of the allometric equations of tree components. However, these shifts of biomass from one vegetative organ to another may not affect the total biomass allometry. It has been found that biomass allocation pattern can be modified by soil type (Wolters and Stickan, 1991) , altitude (Cienciala et al., 2006) , precipitations (Paul et al., 2013) and light regime (Naidu et al., 1998 , Kennedy et al., 2007 . However, the response of the species to different environmental conditions may be not general. Urban et al. (2013) found that the allometry of Norway spruce was more sensitive to nutrient availability when compared to Douglas fir. Therefore, it is important to know how allocation changes are reflected into the allometric equations and what role have different independent variables in this context. factor could modify the allometry without being able to account for this influence.
In order to obtain a linear regression between trees' biomass and their dimensions (i.e. RCD and H), a natural logarithm transformation was employed. Using each of the two independent variable (RCD and H), linear regressions were developed for each biomass category (total biomass, stem, branches, needles and roots). Further, the standardized residuals of each model were regressed against each factor, reporting the p-value of the slope. Because the data was collected in clusters, the observations were not independent. To subtract the effect of clustering, the Linear Mixed-Effects (LME) Models (nlme package in R) were used. Within the LME models, the standardized residuals were considered as fixed effect dependent variable, the analysed factors as fixed effect independent variable and the clusters as random effect independent variable. Therefore, the fixed effect of the factor on standardized residuals was accounted while the random effect of clustering was controlled.
The p-values associated with the slope of the fixed effect models (i.e. between the standardized residuals of the models and the tested factors) were further reported. For a p-value lower than 0.05 means, for a 95% confidence interval, the null hypothesis of the slope is rejected, therefore there is a significant slope between variables. The assumption is that if there is a significant slope between the standardized residuals of an allometric equation and a factor, that factor affects the allometric equation.
Results and discussions
The initial assumption was confirmed, therefore no significant correlations occurred between the independent variables and the factors, except for age of the trees.
The results showing the probabilities for the slope's null hypothesis of RCD based models are presented in Tab. 1. Only one model (i.e. branches biomass model: BR = f (RCD)) presented significant slope (p=0.0086) between its standardized residuals and the C/N ratio. This model showed however the lowest adjusted R 2 value (i.e. 0.970). All the other models based on RCD presented higher degrees of explained variance (i.e. higher adjusted R 2 values than 0.985). Therefore, as the RCD explains more than 98.5% of the variance of biomass it becomes less likely for the external factors to influence the models.
The relationship between the standardized residuals of BR = f (RCD) model and the C/N ratio show a positive relationship (Fig. 1) . As the C/N ratio increases, the In this paper we investigated the influence of tree's age, geographical location (latitude and altitude) and soil conditions (i.e. pH, humus content, carbon to nitrogen ratio, cation exchange capacity and percent base saturation) on allometric equations of young Norway spruce trees.
Materials and methods
The measurements were conducted in 22 pure Norway spruce plantations in Eastern Carpathians of Romania. The altitude ranged between 640 and 1540 m above sea level and the latitude from 45.44 to 47.65 degrees, covering approximately 330 km on a N-S gradient. The initial planting grid was 2×1 m (5,000 seedlings/ha). The age of the trees (age of plantation plus the years spent in forest nursery) ranged between 4 and 15 years.
In each plantation a 200 m 2 sample plot was delimited, all trees within this plot being measured for root collar diameter (RCD) and height (H). RCD was used instead of diameter at breast height as the height of the trees in this study was higher than 50 cm. For each sample plot, the dimensions of the average size tree were calculated. Then from each stand, 10 trees with dimensions close to those of average tree were collected for biomass measurements. In total, 220 trees were collected. For each collected tree, RCD and H were measured on site. As trees were generally small, entire biomass was collected and dried at 80 °C until a constant weight was attained. Because the separation of needles from branches is difficult on fresh material, the branches with needles were first dried, to ease the separation of needles from wooden part of the branches and then, after separation, dried again until constant weight. For each tree, the total biomass (TB) and also the needles (ND), branches (BR), stem (ST) and roots (RT) biomass was measured.
The location (latitude and altitude) was established for each stand, using a Garmin GPSMap 62S. Soil samples were also taken from each plantation for chemical properties assessment. In each stand, in the centre of the sample plot, a soil profile was dug out and a single soil sample was taken from horizon A (from approximately 15 cm in depth) as most of the roots were in the first 20 cm. A total of 22 soil samples were collected. The pH, total humus content, carbon to nitrogen ratio (C/N), cation exchange capacity and percent base saturation were measured/calculated.
An important assumption of this study is that there is no significant correlation between the independent variables of allometric equations (i.e. RCD and H) Tab. 1. The p-values of the null hypothesis of the slope between standardized residuals (of RCD based biomass models) and the tested factors standardized residuals are more likely to take positive values. In other words, for the same RCD, the trees growing on soils with higher C/N ratio are more likely to have higher branches biomass.
The height based models presented lower values of adjusted R 2 compared to RCD based models. The lowest value was reached by needle biomass (adjusted R 2 = 0.940), followed by root biomass (adjusted R 2 = 0.942), branch biomass (adjusted R 2 = 0.948), total biomass (adjusted R 2 = 0.958) and stem biomass (adjusted R 2 = 0.973). These values are explained by the tree volume formula, as the diameter of the tree has a squared effect on tree volume (and therefore on tree biomass) compared to height (which has a linear effect). Therefore, the H based models, having lower degrees of explained variance are more likely to be influenced by external factors. The latitude and the soil cation exchange capacity were the factors showing significant relationship with the residuals of H based models (Tab. 2).
The latitude presented a significant slope with the standardized residuals of total biomass, stem and needle biomass models (significantly higher than zero). With the increase of latitude, the standardized residuals of these models take lower values (Fig. 2) . This means that a tree with the same height, is more likely to have a lower biomass value in higher latitudes. These results are closely linked however with the variation of the relationship between H and RCD. Although not significant, the p-value (0.0853) of the slope between H/RCD ratio and latitude (Tab. 2) was close to 0.05.
The cation exchange capacity was the factor significantly affecting all H based models. In Fig, 3 it is shown the way that CEC affects the models. For all biomass categories, with the increase of CEC, the value of the standardized residuals decreases. This suggests that CEC affects the shape of the trees, by making them thinner. Therefore, a tree with the same height is more likely to have lower biomass when growing on a soil with high CEC, suggesting an acceleration of height growth while the biomass allocation to diameter does not keep the pace. This is reflected in the H/RCD ratio, which is significantly affected by CEC (Fig. 3) ; on soils with higher CECs, the RCD is thinner for the same height, resulting in lower biomass values. The height, explaining less biomass variance compared to RCD, was more likely to have external influences.
Conclusion
The results of this study show tree diameter as a better predictor for the estimation of single tree biomass and also the biomass allocation pattern. The relationship between height and biomass was significantly affected by latitude and soil cation exchange capacity. Increasing latitude and also soil cation exchange capacity is very likely to make trees allocate more to height growth, therefore making them thinner. Therefore, this variation of growth pace between height and biomass affects tree allometry. 
